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^?mACT 

Th* recent Increased ntaitosa* of prc^oeal* toy Institution* 
and indu»tx»lal group* to build power or research reactor* in 
populated area* has placed Increased enplmsls on reactor 
designs Kdileh are inherently safe against catastrophic 
reactor nsnanety accidents* Since vfater~isK>derated xHMictora 
can be designed wit^ a large n^satlve stesm eoeffieliK*«t of 
reactivity, they posses* Inherent power^llmltli^ cf^tracterls* 
tics ^Ich reduce the hasard of aooldental nucleair vtmmxy* 
Recmtly a aeries of intentional nmlma* runaway e.^q]#ri!!ients 
with a water-«oderated reaetor were conducted under the cede 
name Borax to detetislne th* xNsactor ehutdom mechanics^ for a 
nuclear rurvatiwy excursion In a wiitexHeodei^ted reactor* 

The ptuTpose of the Investlgatlm described by this 
thesis has been to tinderstand and analyse a nuclear 
e»:urslon in a water-eiodcrated reactor* Toward this aim the 
results of the Borax and other boiling experiments wesmr 
studied in detail* From this study a i^slcal model of the 
reactor transient excursion was developed and certain phases 
of this model were analysed In detail* Tbe prlnelpal reseats 
of this analysis have been a prediction of tiie tSKperafeure 
profile In the water channels of the reactor prior to 
Initiation of belling, a eriterioa for the initiation of 
boiling and a good coz^latlon of experissmtal mmxlsmm fuel 
plate ten^ratures for the Bovbx rMiotor* 

More apeclfically, tlie tsBgjerature profile in a water 
ehannel prior to initiati<Mi of boiling is given by 

T (x) • T1 -CPp - Ii> e 

where T (x) is the water temperature in at a distance 
X ft into the water, Ti is th* initial water temperatvire, 

7p is the fuel plate tm^eratiire, m is the reciprocal 
exponential reactor period In sec*"^ and a is the heat 
diffusivlty of water In ft®/s«c* 
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15i« general criterion dereloped for i»«ediotlrig when 
belling vlll start Is that the nsjctzaisa aaount of si^r~ 
heat enera^ cmtalned In a hemisplierl&al YClmne of water 
at the lieated surface Is suTflcl^t to fcr» a steam 
bubble of a particular slse» Mhen applied to water 
adjacent to a fuel plate nd^ose tewperature is increasing 
eiqponentlally with a reciprocal period of a eee“*^, this 
general criterion beccmes 



ii^ere Tb la the plate teis^rafctire In at the time of 
Initiation of boHii:g and Ts Is the saturation t€ffip«3?ati2re 
of water* 

Bie eorrelatton of axperiiiental jatadUaum fuel plate 
teoijeratures fos* the Borax reactor is gt’ifen by 

0*715 /» - 3 in - V5 (Th-Ts) - 5*BJ6 

where Tbf the fuel plate temperature at iditich boiling 
starts^ is given by the preceding equation. 

Oraphs illustrating temperatures predieted by these 
equations and showing ths sgressssnt of observed 
pz'edieted teapezatures are presented. 

The seecar)dary results of tMs thesis have been a 
qualitative descripticsi of the tiansient boiling 
phenomena and the reactor shutdewn mechaniSBio 
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A* Intr*od«otlon 



A l«xts« ftnitttion of both th« Inltl&l and oparatlnfi 
coats of presant d«y powar or resaiaroh raactora ateoui from 
tha hasardSt both proven and hypothatical, which may baset 
tha reactor. Principal oaong the reactor hazards in regard 
to Inaraaaed protection costa is tha iiazard of accidental 
nuclaar runasiay. In vrater~aodaratad raaators tha boiling 
proaass provides an inherent power limiting mechanlem to 
raduca this hazard. 

Utilization of tha boiling prooaas in watar*Biodaratad 
raaotora to limit nualaar nnaway depends upon tha fact 
that such raacters can ba dealgnad to ^lava a nesativa staam 
eoafficiant of nw&ctivlty. Iha fotmatlon of steam and dls* 
placesient of eater from the r«actor eausts a net decrease 
in reactivity such that the reactor isay baccn»e aubcritioal 
in which cast tha power, after reaching a maximum, will 
dacraase. 

In the svcamar of 195? a watar-modaratad reactor laiing 
MTR type fuel aXananta was constructed at the national 
Heactar Testing Station in Idaho to determine experimentally 
the self«'liiaitlng power chaxeictaristica of thla type of 
reactor. During the sunmers of 195? *nd 193^ a aeriaa of 
intentional nuclear runaway experiments wai*e conducted under 
tha coda name Borax. A brief description of the Borax 
experiments is given in tha followlrg section. 
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Th* purpo8« cf this thesis Is tc urid«rst«nd and 
anaXyee a nualaar ry/iaway axctAralon in a i«a,t«r »od«ratad 
raastor. Toward this aia th« Borax antd other boiling 
axparlcMinfes war* studied in detail* Ptobr this study a 
^tysioal ntcdaX of the raactor transient was developaOi and 
Mhere fsaslhls various s^issss of this modsl ware analysed 
in detail* The principal results of this analysis have 
been a prediction of tfaipeimtures in the reactor prior to 
initiation of boiling, a criterion for the Initiation of 
bolIir 4 {; and an excellent correlation of cxperlawntal 
swxinaan fuel plate teisperatures for the Borax reactor* 
Secondary results of this study have been a (jualltattve 
understanding of tt»e transient boiling jdiencsiena and the 
reactor shutdown oHSchanisM* 
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Eoraic., jgxperijqgnttf 

DctidLled deecrlptlons of these experiaents are g^ven 
In Heference# 1 sad 2, 'l!h# fcliowliig brief deacrlptloa 

has been condensed from these reports. 

Hcectcr Inst lUUst ion 

The reectcr itistallatlon Is aiiomi in a cutan^ view 
In Figure 1. The reactor tank was ccntalned in a larger 
•lileld tank of ten foot diameter which was sunk part way 
into the ground and had earth piled around it for additional 
shielding. Adjacent to the shield tanlr was a pit with 
eoncreta walls in which was installed equiparnt fox* filling 
and esp tying the reactor and shield tanka, and for preheat* 
ing the water in the reactor tank. 

The reaeter tank, whleh was foixr feet in dlaaetei' and 
about thirteen feet high, contained the reactor eore, whleh 
eonaleted of a nuaber of WSm type fuel elementa held at the 
bottom by a euppcrtlng grid and at the tep hy a resK»vmble 
cover grid. The core grid could accowaodate thlrty-slx 
fuel elements, but a leaxlspin of thirty elcnenta were uaed 
la the Borax prograa. In operation the reaotor tank was 
filled with water to a height of three to four amt one~half 
feet above the top of the coz*ej th5.a water eonstituted the 
reflector, moderator, and coolant* 

2. K7R Fuel gleaen te 

Figure 2 la a drawing of a standard IfX^v fuel element • 
Each element contained l8 fuel platee with a combined 
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content (95^ ) of abcut lJS‘0 ginmu, 1Si« In 

each plate la in tha fora of a atrip of uranlian-alumlnun 
alloy, 25.6 Inohea long toy 2,5 laotoas wld« toy 0.021 Ineh 
thick* Tha alloy plate i«aa corared with a cladding of pure 
aluinlmsa, idilch Inoreaaeci the total diaeruilana of the fuel 
platea to 24*6 tnchea toy 2,8^3 inches by 0*060 inch. The 
irater channel between the plates is 0.117 inch across. 

5 . Con t rol Rods 

T5^ie reactor contained five control rodsi a central 
rod which was alternatively a flat plate or a crosa^sltaped 
member, as the re^uireitents of the experiment dictated, 
and four wide flat plates (shim rods) which operated in the 
channels sepasmtlng the four quadrants of the reactor core. 
All rods were laade cf nickel-clad cadmium in aluninum 
casings. *Hxe control rods were attached toy extension rods 
to drive awrehaniasHS located above the top of the reactor 
tank. The central rod was attached to its mechanism by an 
electromasnet , which when released allowed the rod to be 
spring-ejected downward cut of the core for the experlsaents 
on reactor runaway. 

Stoc perimentsl P rocedure 

The experimental procedure was as follows t The fuel 
eleomtnt loading of the reactor was adjusted to give 
approximately the amount of excess reactivity desired for 
the experiment. With shim rods fully inserted (reactor 
stttocritlcal ) t^ie central control rod was inserted Into tlie 



<iorm by mi tmmmt to th« «xomi« roftctivlty 

for tli« »3q;»«rii!%ent« With o«ntr«'i roil tix»d At 
that position^ th« s^mator orlti^ai at v«s^ low 

power (—1 watt) by wlthdraiml of th« ahiai rodsi th# alilm 
rode wer« then held at that aritloalL po»Xtion« The eantral 
rod couXd than 1w ajaotad trm tha core to produoa a 
tranalant axciaraloii* 

5* Xn atmaiAntation 

Ihraa calibratad neutron oountars ware inatallad at 
vnrl<mB poaitiona in the reactor to record the ijiatantaneoua 
neutron flux and power of the reactor* Ihercioooiq^lea i«er« 
attached to fuel pXatea in tlte vicinity of inaxiiMiaii flux in 
the i*«ikctor to record inatant«cieoue Aiel plate teMpex«ture« 
l%te control and recording inatrunenta we:^ located at some 
dlatanee fron t^e reactor proper for safety . 

6* Reaulta 

*Ihe plot of a typical exouraion la id)Oi«n in Wi&«m 3* 
The follcn^ms observatlcxia are recorded after escamlnatli^^ 
of a nuaiber of auch experimental grapiias 

a) The poi»er inereaae with tiMt ia alMoat esq^Ksnential 
up to app^sdaately the tisMi of siexinaM power, 
deviation frow the expcmutlaX oould be attributed 
to teapex^ture effeote on recuitivlty. 

b) Presrus*e rmrnlm at aabiant preaaura w^til 
approximately the time of maxlsuBs poensr and then 
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Inoreaaes w3.th tim a wKxSmm 

tiM tXtdx> msdisuMk fml plat« t«cs^«rittur«. 

c) t 4 W^j©retm'^ of »rs InswlatM fuel plat* at 
axxsr 1» propojpticnal to th* tl-ste integml af 

th* poi«3? to that tlaio* to aii^xmiaataly th* 
tlaw of raaxiJMR powai* thi* mirva la alsacat 
ejsqmantial • 

4) tha bar a fual plata tmraaaaa alaoat 

axpanentiaXly but dropping a llttla balow tha 
oorreaponding Inaulatad plate taiaparaturo up to 
tha tloa of ittaxtm»i jxa#*!** at tiaia the 

dlff€ 2 :«n©a batwaen ttia tifo tawperatzira curves 
ineiNmaaa ^ta rapidly* l!ha nsasclssuR fuel plat® 
taaparatura csciira at ac»a time aftar Masdmss 
power* 

a) Aftar tha tliaa of maxlausi power tha powar curve 
lahotfs the effaat of a steadily incraasln* jiagativa 
pariod l4^ich Indlcataa a ateadily increasing steea 
voluma in tha raactor. At the tlm* of witxSsmm 
fuel Plata te«paretura the power i« decreasing 
qulta rapidly* 

Plots of «?:pari!8Hmtal saaaimsm fuel plate taa^raturaa 
attained for caccurslcsn* of various pariods and JUiitial 
subeocling ara reprod»aced as Fi^iras k and 5» 
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Prey loua Invcg t.lg»tlQn« _ the ISs^llliac Ph^aosienja 

© 1 # reeulte of »«\’e3?al rfHsent investlgatlme of the 
boUir 4 i 5 pro6*»s id.ll be us<^ In tliio etndy* 

Hoaenthal (Ref. 3) ha» experlnentally Imrcstlgated 
the phenowwBn* of initiation and eubee^iuent behavior of 
boiling In water adjacent to a thin saetal plate i^iose 
tewperature la rialng a:KpoRentialXs^ with tlm. ©le plat* 
waa eleetricallf' heated frora an exponentially Inereaalng 
power aouree. ?lat« teieswiratnree were detluoad freai a 
eontinuoas recerd of plate electrical realstance. Motion 
picturee were taken of the plate erea at the rate of 6000 
fixmut^ per second. Runs were eoMucted for varioua 
initial water tewperaturea and exponential periods. 

©le experissental results of this inveatli^tlon as 
briefly presented Isi a prell«lnary report (Ref. 3) are as 

folldsfs : 

1. The rapidly rising plate teapenture passe* the 
saturation teaperat'ore of »rater *M before 
belling coBRsnoes exceeds It an las^sunt 

.K * 

termed the ‘’tw^jerature cvershoct." 

2. Suddenly there Is an almost explosive formation 
of bubbles aovering the surface* 

5, ©^ls ts»oilins surge expires and for a jsment the 
surface is nearly free of bubbles. 

4. Then boiling commences which is slmliar in 

appearance to local boiling with steady generation 
of heat. 
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5* with initl&l water fc«Bg)«ratur#ir ahove ISK)^ V S 'V 
the of perlede studied the tcM^imture 

overshoot la laae thaa 6* F within th« moettrawy 
(+6® F) of t/ia tasipai^aituxwt oiaawt£E*sistonta* 

6, Data slvea foi* one run ii^oirad that for an 
eo!povi«ntiml period of 17 ailliaaeonda and an 
Initial tsaiparatitre of 9^ F tJ:ia plate 
tenperature at the tine of Initiation of aollln® 
was F ard the tliae dui'aticjn of the initial 
boiling mnge was appi'osimtelF ^ mllXieeecnda. 
Whlt^ead (Ref. h) iiaa fomid fro» j^tographa taken 
of boiling in water iu\dei* a wide range of oonditlona that 
plota of truKber of bubblee observed of a given radius 
veraua the radlua aiiow a rather eharp pea^c at a uniforw 



radlue of apprcxlaately ^ nils. 

Rchsenow (!laf. 5) hae shown that en excellent eorrela- 
tlcm of axperiiaental belling heat t3?an»fer data can be made 
with the e<suatlon 
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Where QA 1» the rate of heat transfer per tmlt area^ Tj, 
ie the surface tei^erature, and Tg 1» the boiling tea^ra- 
ture of water. is a constant for say surface aaterlal-- 

fluid aomblnatlon. 1!he remaining quantities are properties 
of water or unlvereal sonstante aid are defined in 
Ai^oendix A. 
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Th« molt 2jm>orfcant of this «orr«laticsi for this 

ttMBia Is tkat th« heat fliuc to bollSjig iiatar (9/A) Is pro- 
portional to th« cubs of the difference in t«9|jex’ature 
between metal surface (Tp) and boillrig water 
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P. or gttyioiil 3gy«ntB 1»« a Exct^ion 

Considsratlon of thu Borax ricp«riinent*l r««ui^» and 
th«»e recant Investigations Into the boilii’is pt-H^sea* lead 
one to divide the i^otor etxeursion into a number* of pliasee 
representing the time eequenoe of j:^aleal events occurring 
within the reactor. 1 !^ reader is asketd to fcoua hie 
attention on ojmi fuel plate and adjacent water channel. 
Figure 6 glvec a pictorial representation of the assuned 
tcasperature profiles for a fuel plate an^ adjacent water 
durl2ig eaeh phase* 

Im Ccr^uctlw Mmse 

1:1 the initial stages of a rapid reactor transient 
prior to the initiation of boiling the c»ily xaeehania» for 
trarutferrlng heat produced In the fuel plates to the water 
le conduction* ^lere Is not tjbee for natiiral eonvectlon 
to become effective in trensf erring heat. Hie power and 
fuel plate tewjseratiire are Increasliwi* app^xadbeateXy ex- 
pcnentlally during this tiise, and Uiere exist# at any tlaie 
a tSBqjerature gradient in the water idileh can be predicted 
by solution of t!te differential ecjuatlon for transier\t heat 
c<»Kiu®tlon in aetal and water. 

Initiation of Bolling 

At the time when the fuel plate taiqjeratiire and the 
ener^ transferred to the water have rmached critical values 
to be derived in this thesis, water at the plate surface 
will erupt In an alisoot explosive fomation of bubbles. 
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5* IM.linic yha»c 

15i« r4>i»«Tv:^t egltatltm tsi* th« >jy 

ineoipporate* wAt«r In the fecsiiJLrig s*«^on* Spring 

thi» l9i‘*a of beat trasiafar into thla 2 *egion fj?owi 

the plate i* laaa then tiie rata of heat tranafer tmt mf Ui« 
region by . tiirlsulant alxinu with nufooooled water* Hie 
average water t«i|pe:'atu 2 re the degree of boiling 
deoreftse tntii the mxttmm in al»c^t free of bubbles* 

Aa the tsBia^rature of the fuel plate eonti^niea to 
inerea»«> under-le >'slox>ed boiling gi/ea leay to fully 
developed ©oiling^ Fully developed bolliiig ia <i#fiaed ea 
that condition for which tJbi rate of heat transfer Into 
the belling region cKpials that out of this regitm such ‘l^t 
there will be i»t Ir^reaee in vapor roneatlen; with tlae* 
At this tiJM! heat transfer out of the boiling region la by 
eondtwtlcn into the aubeooXed watwr* 

goilinSL Itet 

If 14^ H5el ptlate tec^erature c?mtinuea to increase, 
the rate of heat timnefer into the boiling region will 
becoRw greater thiwi that conducted c?ut mid the net x’ate of 
vapor forssatlCKTj will increase with tijae* 25ils ia known ae 
overdeveloped, boiling* ’Bie proeeaa Is !»sre or leas «eif- 
llAltir^ since the inci»eaoed bubble agitation and turbulent 
aixing cf jRibcooled water can quickly dlninioh Um rate of 
Inerease of vapor foraaticai. 
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Oittifar d or Bo lllJis in t»*w ^m.i tov 

ttw itbov« *eqEU!?nc« «f f;>r a sl.t3i;l« ftttl pl&ta 

AAd wafei5r omsiml iJjai^a first at point of MAxlassa 
riiQC^ ttitpcraturo aod dasiSi-t^ ijlthln tOi® raiwtor, 

15«i ld«ntln*l tcMfi of ovent*, dlopXAoed lator in tl»e> 

OAornm in ehannals tihloh aro Aiapiaa-«l irt 4ll»t«noe 

from tiio of mxSjmm flusc« the tiam dlsplAooiMnt 

fflp laG ^ apspaajrmnco cf thlo of *ir«nt« in uny 

iNit#r i^ianriel dopAs^jR on tha tXm» dliQ»l4io«ssnt of flm and 
tanpaiHktiiro o.t tills pclnt imiativo tf* point of isisxlsiygi 
flvot* 

Cconenclti^ vlUi tha initlfttion i»t boiXins at the 
pelrt of msdLsrjm fluxi mtam. Is beii^ jK^^oduo^ tritliin the 
reactor li^ Xarier qvuebtXtlee* iHM! to the 

iHNPttlve »t«» e^offioient of reftettvity the effeetlre 
lettltipllcetlon fsator of the reeotor decrseeee with time* 
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S« of UMBBlm 

"-l i. I.wiiiinl i ^ Uii- m Mii> r « M > Jill «II w> 

Th# ccniidadtlefi phftse, th« ec^ltion fc»r initiation of 
lulling th« QGnditi«ni af fully dwmlop«d boiling XctkI 
thMMMilviia to analytical Invaatlgatim* Ihia thesla 
prasanta a detalXad a'^alyala of ttMMMi itmaaa of a ntaotor 
txoutralon in ragard to plata rate of liaat 

tranafax*> and growtti of tha tanpiTatura gradi^t in tha 
watar« Dxia analyaia laada to a good aor3falation of 
raaxlmm fual plat# tag»paratu 2 *aa obaernrod in tha Baxax 
aiq>«riiGanta. 

Tha riHftlalng phaaaa of a raactoz* oxeu?aion at*o eiora 
difficult to traat analytloally. lUndaeiontal loiciflodso of 
tha pz*oaaaaaa ocem^ring during the i^maaa ef undardavalopad 
and cvardavalopad boiling whioh la not rvM availablo is 
raquirad* Tha thaaia i^vaa only a <sualitativa deaorlption 
of t!ia aaquanc# of a^ftnta occurring during t^aa phaaes. 
Quantitativa analyaia of tha apraad of boiling through tha 
raactor raqculraa tha aid of analog ecaputlng aqpxlpaient and 
is beyond tha acopa of this thaaia* 
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**• o f Aafcly»i» 

Cogiidtuo tlon 

TtM ft>lloiflng physical w^dal of the oon^ctlen p^iaae 
la proposed I 

a) ®M6 reactor i» orliglnally Juat critical at very 
Ion |>oner» 

b) “Jhe t«atar i» stagnant jctthin the water ohannela* 

q) tine Mater arid fuel plates are i^iitlally at scaw 

ujitfora tes^eratuiNio 

d) There are no natural eonventlm ourrenta aet up 
In the neiter ohannele during the short tiia# to 
reach naximeat power « 

e) Taere la no boiling ea* vai>or formation during 
this phase* 

f ) Heat tz’at^sf•^ fi’cw the fuel plate* to the water 
during this phase la by trttnalant conduction* 

g) The diffualvity of heat tlirough the fuel platee 
ie auch larger than that thrcn^ the iiater* 
Therefore there t« essentially no teaperature 
gradient in the fuel plates f the gtmdiant all 
being in the water* 

h) The amount of energy transferred to the water 
during this phase la small compared with t^ie enei'gy 
contained in the fuel plates* 
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CorKliti?>aJS (a) {«) thoflMi present to the 

Borax raaotor# Condition (f) i» a cerisefiiienee of ccsidltton* 
<d) and («)- Conditican (g) ta trt» for aliaaimfia plates and 
eater. Oondltlow (h) i* open to serious objection. Although 
the te»i>«ratur« of an toaulated fuel plate iaoreasea 
apil^r^xJUaatel? espon^tially with ttoe the tcei^rature of a 
real fuel plate drop* below this toaulated plate tewp«rat*ar« 
by an amcnait proportional to the energy transferred to the 
water. For short reaeter jjerlodls being dealt with here 
this t€iB|)erature dlffersnoe between the toaulated and real 
fuel plates la mall. Butj, a predletlon of fuel plate 
ts«psrat\sra as a furictlon of ttoe will be In error If It 
aar^^sed that the t«a^p«:%ture incire^ees esspcmentially with 
the reaetor period. However, slneo we relate the solutiarj 
for tdie teaperature gsadient In the water to the tu&l plate 
tewsperature i:istead of to a funet5.on of ti«e the objeetim 
to this eondition is partially nullified. 

1!he reactor kinetics (prosit nw^trons only and Igrsortos 
secondary tsaperature effects «n reactivity) for this plmse 
are described by 

(Table cf syabois Is given to hpp^ndix A.) 



(1) § - R» 



n . 



Where 

( 2 ) 

Zntesrattog equation (l) between Pi at t ««• 0 and F at 
t • t gives 



(5) 



P » W. e 















i»*f lc» 




u 

for th* the rste of t«i^>er»t«r* rise 

in the fuel fslatoe wid the povtr, m have 

(4) S ^ 

Subetitutlng «<|imtion ( 3 ) into n^vatlen (4) end 
lntes^?»tin« fJKm Ty » T1 at t ■« 0 to « Tp at t • t give# 

Tp - T1 « ^ - 1) 

Disregarding tht I as Insignlfloant during the greater 

IS*!* 

pai?t of this phase rsspmt to e % v* get 

(5) ’f ” -i “ ® 

Since durir^ tills conduction phase heat luue panetratad 
only the order of a fei? mils into uater «re oan consider 
the uator to be a s«ni*infinlta sNKliiiss a surface 
t«g>erature given hy eqimtion (5)« Sol%'ing the transient 
problen of diffusion of heat Into a ssEsl'-irifinite sie^iisR 
with asi exponentially Increasing surface tee^rature 
(Appendix 3) «fs find the asys^totle solution after the 
initial traneients have died out, for the temp&mtvro of 
the watei' a distance X fvou the »ui*face at ti^ t to he 

(6) T (*,t) - Tl - ^ 

or at the tims the plate tea^rature is 

T (x,%) - 1?i (fp - Ti) « 



(7) 



IT 



H6t«t thut (5) at# nviam^t in «n* 02 ? 

In ps^^fdSjttix)^ tins tlBso variation cf t« 3 igr#ratur* «Sut to 
condition (h) of the baalo ass^aeptlon* for thl» phaia, !Mt 
•Quation (7) i» »uch i$»a in arror than (6) froa aanaa. 
Fi®«ra T plotorUliy ahowa tho ohansins t«aparat\ir« gri^ont 
axiutln^ aurinje this j3haa«» 

2» Initiation of SoiU?^ 

Th« fouling s^biyaleal model fer a crltaxdon for tho 
initiation of feoiUng i» |k*o^S€k15 

a) For a el^'an plate tarasperatisre Tj^# initial teBpn’atu!;^ 
Tl, aad inirarwi period bii. the teragperatyre gs^lent 
Into the vater la given by aquation (?)» 

b) A proapeotiva bubble will groir .frcat a point on the 
plate aurfaoe* 

c) A proapeetive babble, to grm,i»u.»t draw upon eners^,^ 
above saturation taii^rature contained in the water 
rurroundlng It* 

d) The prk>sipeetlvB bubble or p^int on the plat*) aurfaee 
has t*w* ability to **look“ ont In the ajrrcnjTidJng 
water In a wore or lea* heodnpiaerlcal faahlon, and 
to Itself integrate the energy above eaturatien 
tawperatm^ aontatned. In h«Bit*>hia»ea of varyli^ 
radii* 

e) Beeauee of the taspex^txare gradient in the water the 
integrated «i«riy will at first Jncreaee with 
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irjwrMksing r**lt tat ito1tjbs*« of 

ian» •nvcloped* tlira diwsi^^&s# a* aubaaoiiiMJ 
wa.t«r le «nvaXop«4» ISm^ la * rniuslam ©nergy 

©bov* ea-cumtion ©ontali’ied in a imd.^ 

aph©rl«ml Vv#liaw of <iat«r itrjd«? tiw»# . 

f ) 'Tht |arc«p«»tiv« bubbl© i«lli J»y© avalU^l© it 
th« msdaysa eneii'sy abo*»r« sat^rafeltsra t<i0?P«awitua^ 
©CTitainwa in the hmi*T^'j*yleaX voltase of waier. 
k) IJmi pro©|>©5tlve bidaible nrlll f-ci^ cmly If tb*r© la 
a/atlaJfti© fea? it t® |p?oif to » gl-rwa rRlltia, 
of th* opd«i» or ^ «ii»# 

CoMitl^n (f ) ah^tad b« ^d.te ®cscd fos* the ©as© ©f a 
at««p taa?>eratu>^ watar sIimhi t4rio srawHus 

of th» heailitph«rie«a voltaaa of water eontaixiiriS *«odjaua 

tnargy i» ©©all WHi thia c^orgy i» olujier aiid sora r'Oiidily 

a^'nllatlo to the For tha ca»% of aa»«U values of 

miheoollr»« tit* tai«j*ratm^ aErscliur.t i:ito tJio «ater is 
aisfi th* stadlus *f hsmX»'^v»i'i.^sX v^lvsm of scstes? tontaitt*- 
i»6 th» siajiiaRJii tmergy is litr|5«r end tM.® efwa'Sy 1^» l®os 
readily avatlabl* for fosimtiofs of the bittble- thus ta^® 
eritertei to t* developed £i?om this »<^«i will be in error 
in the eased of eaiall values of »ub«ooIiri£« 

Condlti<m (e) apjMM*r» at first to be rather spbltmry« 
Whitehead (Ref » 4) has fouM frcift photx>®?««^» tsJeen of boil- 
liTg in water \sad*r a wide range cf eandltions that plots of 
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or 'babble* &ba«ry#t of m s-i'vm nuUus Tteraus th« 
Pfidlus ehow a. rathar filiarp j«tak at s mtfoi^ yal^ia of 
approjdbaatab^ly 5 mlia, 

tJaii'ig a Xi««ar appimlinatioo th# oxponaaitlal wat« 3 ? 
ttsi5>«ra1;ur« jKr*<Ji«fit (naitli^atatioiLi Aataila ar» in Appcadlx 
C) Jesuits in a oritarlon fo?- tha plata tan^ieratut^ at fcha 

tifsa of of bolllrig;, Tb, gi^n by 

V3 

(6) B /E" . - fe .. - . M-' .. ! 

'* (3b - 31) 

K«re Ts i* til# bcilins tae§>«mtar« of water, Ti io 
tli« initl&JI. vacpe-atore the water, and m is tlwi reclprosal 
of tho »>erl^d ©f the aj;^':':a'mfclal rise of pl&te t«i^erat’,ire ♦ 

B dteperids inly ca the pressure and the asmaiCKl bubble radius 
(see oqisation (55) Appendix C)» 'Stm teapermture gradient at 
the Initiation of boiling la jsSitem ptet-arially in Figure ?• 
Subatitutl^^n ..f mter jxr ./parties at £12*® F .and osne 
atiaoai^iere suvi uae of an aas^ased radius of 3 mils results in 
a salculated vaVoe of B 

B i* 0.1271*' S#o^ 

B can bo s’^aliaatod experijiieataliy fraa Bosenthal^e o<nt« 
resorted experiawmt (Ref. 3 )- ^la %alise at ataoai^ierio 

preaaura la 

B •• 0 . 1147 ^ Sec^ 

This cloak? a$3"ua»crnt prc-vldes otroisg support for the 
asaisaed condtttcn fcr bubble foraiation. 
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l»ilns thXB or By <Tfc ^ T») 1® »lottc?4 AS 

A fsnstlon v-f (Ts - fl) ssift * In nmr^ S and 9. tmurn^- 
Ire that r©i» swAll vadxuss of (T* - Ti) erltsrlon is 

not vary scciamts »n4 fi*c*ii th» rssttlt# of armlysls In a 
latar sastlon in oeiig)aris<»ri with Bomx t®*®»aratts5E*^ ^ta. It 
aiU be ass'3is4 that (ft « Ts) an tS 3 ?*«?>tcA« ef 

6" y as (“Bi - fX) sp|:3?aa«he3 se3?<>. The cnj 2 *y«« in tills 
i-aglea are sSss«f«^ t'» aatiaf^ tihls 3r«qnta**a«3'tt . this is mt 
to say tiiat In steady stats boiling cf «se«itlalXy «iti«ate4 
ipatiK* tfee filate tea|»»rattti:^ sdlll be 6^- It abevs satutrat-len 
tetqperature« Mhat is aeant Is tiiat In oases of rapid 
traraalenta sus being dealt with here It uppers frea the 
data that this aa^totle ^lue eaa»%s, r^osenttaal (Kef* 3) 
foiaid timt for the «xs«23*ntial periedn he Ijweetigated with 
Ti afeore 190^ f tave value of (Tb - Ts) was over 6® S* 
ictthin the accuraey F) of his tes^ratura lesasnpeiitnts* 

5* t^ndc rdS YSl O]^ Bolling l^^ass 

At the aoBwnt belling begins thsrs Is preset in the 
sater a Xargs «H<runt ef supertieat* faitially the arising 
torso for Vovmkttm is this arupesiieafc energy the 

initial foreatiae of vapor la aJssost eecploaive (Ref* 3) in 
character* HoesrePa the snbseqivsnt bubble agitation and 
tiirbixlent aixing Inocavoratea suboooled treiter Into ttse 
regimi of ooiliJ)® iriaioh reduces the a*»*erage toaiperaturo , 
pressure and degree of boili^ic in that r«®lon * 
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Oertslnly* hMii in b«lr 4 S tranufer^nsd 

from th« to th» bolXlns But lui ‘vmpor foi*«A« 

tlon ln93^«aao« di«r.tne th* iiirBt ot thtm phftt* tho 

prtoftUTit a»d thoroforo Urn SjnaxTmMii, 

th\ui roduolns th« offootlv# laodLlins h«ftt tiwrmt^T to thin 
region tvom th« pinto* !Shlo phnoo 1» eiMirnotorlxod hj th« 
rnet thnt tho mto »f hoat tifonoraer into tho iMiling rogion 
Is X«4« than tlmt out {pri»oiU!*ily tuu%uiont Inflc^ of w-Vkl^ 
cooled i«Ator}« fh« not x'ooult lo that t^>o dogreo of 
dooroasoo to a point of alnoot no iml?bloii prooe^it in tho 
Xator otegoo of thio r^oe (Bof* 31 )* 

In lAm Xottoa;* stagoa of thio i^ao tho dogroo of 
toiling oaA e«aioo<|\iantXy tho proaoure and saturati^ 
t€o|)oo«taro in thlo ohaimol georoono> At the oooio ti»o the 
plat* t»iporaturo la Incroaol^ig oo ilmt the rate of )>oiIlng 
heat tranofer fro* the plate to this region la Ineroaalng 
idU.Xo tho mto of eoneoetive hoot tranafor oat of t^o 
region is goeroaatng* 

FhfoioaXXy^ tho nmiorgevtlopod tolling fkmsM Is a 
tranaitlofi pi’iaoo froM tho oondltlon i&t fully devoXopod 
eonduotlon to the oondltion of fully derelopod tolling* 
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4. Fully D»vXopeA Soll ins 

Fully t»elllns is d«fli>e<S as that eenditloa 

for Mhieh tho xmto of host tsmnsfor lisito tlio boili»s 
rogicm o^paftls t!mt out of this rs£i<m so that thsrs trtil 
too no mt insrssss In vapor fomation with tins* fhs 
tsaipsraturs proflls for* this condition is plctorlally 
shown as ouj:*vs ^ of Figixrs 7> This eondltion nsy, but 
doss not nsosssariXy havs to, osour In any sXvon rsaotor^ 
If the rsactor is vary x^idly shut dam during ths out- 
ward progi^ss of initial bollins (say in ths sasa of a 
flat flux rsastor), thsn ths powsr and thiis ths rats of 
plats tswpsraturs riss nay bs vary saall and ths wndsr- 
dsvslopsd boiling phass day not dtvolop to ths fully 
dsvsloptd boiling conditisn. In Borax rsastor it 
ap|MMLT*s as tlvxw^i ths fully dsvsloptd belling condition 
Is attalnsd at Isast at t^s point of saxiatum flux» 
Csrtalnly in all rsactsrs this esnditiem Is not attalnsd 
in all ohannsls shloh \mdsrwsnt initial boilings 

Vith no nst insrease of stsaw and a vary low Isvsl 
©f ths dsgrss of belling for ths fully developed boiling 
eondition, ths ssaoimt of tttrbulsnt aixlng is vary aaall. 
Tteas ths hast transfer of the boiling region id.ll be 
principally by «onductt<wi into ths subooslsd mtsr<» 

Sirups ths dsgrss of boiling at this tiiis Is fsoall, the 
prssBurs In the watsr channel has returned to essentially 



*3 



axviS fchft t«wp«ri,tus?e In th« bailing region 
is fttMtitl&lly satixt^tlofi tmi^mtvac^ mhtmt pressure « 
If we knew niSmt t^e t«»iHrre*ur» gra^ent wes at thie tisae 
in the wet«r at the euter edge of the bolltRg region we 
eould evalmte the rate of heat fcranafer out of the boiling 
region. 

I will peatalate that the tisiss^ettwre profile trito the 
aiiheocled water at the tijae of fully doreloped boiling 
bears acsae relation to l^e tea^jmture profile whl«^ 
existed In the water at the tine at iddLoh bolllns atart>ede 
Here opeolfleally# It Is postulated that the slope of tlie 
teaperattcre iMroflle In the water at the outer edge of the 
tKstllng region at the ttae of fully developed boiling is 
e<|ual to the slope of eone point on the teEaperatisre profile 
which existed at the tisM boiling atarted* 

At the instant of bubble foraation taeiseratur® 
gradiant in the water was given by 

(9) (T^w -V) ’ (T.-Ti) 

and the rate of heat transfer per isilt area t^trou#i the 
water by ^onduotl^Hi at any point ^ is glvari by 

( 10 ) = M-^), - l'r.-77) 
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A.d«ording to tb» Mlop« of 

tmi^cniitUTO srt^dlant at ^le outar edge of th« boiling 
raglon at tha tln« of fuH^^ davelopad boiling la e«r<<wl to 
tha tlopa of th« t«sa;p«rat\£ra QvaAXmt at tha instant of 
bubbla fomatlm slv«i bjr eqt^itlosi (9) at mam poaitlon 
alfi«ig this gradient, x *■ x\ Kcts that here the qiizxitity 
%* Is definsd as ths distsnet Crom the plats into ths 
watsr at idileh ths slops of ths tsiqpsratux^ grsdlsnt tiileh 
existed at t3u» instant of bubble foswation equals ths 
slops of ths tss$>«»it\xrs gradient at ths outer edge of ths 
boiling region at ths tins of fullj developed boilings 
Ths physioal definition of x* is elsar, although ths 
■annsr In which it might y 9 py with period and subcooling 
is not definsd at |s?sssnt» Figure 7 shorn a sohsaiatio 
representation of ths tagpsraturs gradient exlitirg at 
this time and ths distams x* which is experimentslly 
shown latter to be a virtual distance* 

Thus ths rats of heat transfer per unit area leaving 
the boiling rsgien at its outer edge at tb* time of fall 7 
developed bellltui is given by 

The rate of iieat transfer per itnlt area frcei tlie 
fuel plate te the water in boiling is glveji by Eohsenow 
(Hef* 5) te be 














{ 







~ry <mK- i> «••»•«« 

‘ ^ ^ M W MUq Jjtnrt 

.Tttft 



25 



( 12 ) (■fj = c<(n-Ts)^ 

\ n J B0IUN6 

Kh«r« 




Rc^uenow giv«8 for for <3caibinatlc«* 

8f »wfftee material arid fX\ild to rans« frsaw 0^003 to ©*015* 
Evmluatlns th« a«preaslon for for Katar 1x>ill;is at 
atiaocj^erlo praasure wo get 



« -2i23_jg£ 
c 5 

•f 
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mu 
hr ft^ 



or for th« x'tJic*' of surfaces used by Rwheeoowr 



o(. » 1*07 to 154 



yru 

hr ft* 



Ihla uneertainty in the value of c< by a fastox* ©f 1*5 
or nox^o la dlaeoneertlng Khen attoig)tlng to earry through 
mnerloal ©aXculatlona* However, the mere fact that It la 
a oonatant tor a g;lv«n preeaiire and aurface'-llQxiid oc^birui- 
tlon ia helpful alnce If It can be once evaluated this 
value laey fee used in further caloulatlona involving t!iia 
•me aurface-lltjuJd oooteinatlon* 

Applying the definition of fully developed l>oiIlng, 
that the net rate of heat transfer t© the boiling region 
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1» sMSPOj we get oquatlcni* (11) *rad (12) 




Thle equetlon fl^ould piwdlet the plate tes^rature 
at the instant of fully developed tolling «. 

1!h« reader 1» new naked to foeu* his attention on 
the fuel plate teasperature at the tl»e of fully developed 
boiling* IJie rate of ch»«e of fuel plate teaperatux^ at 
any tisae ia glv«i by the following dlffearMmttal e<i’aatlon6 

(15) 

Ohaervationa of the Borax data (Ktgiu^ 5) t:hat 
at the tiae of laaxliirjai fuel plate tesqperature the power 
la decreaaing quite rapidly- ind frots the dlacusalon of 
the under*de\*eloped boiling phase it will be r«ie»bei>ed 
that in the later etagea of thia plmae the heat transfer 
rate froR the plate to the watex' la Insreaaing with tijae. 
CcnslderatloTi of tlxeae fasts in coni^2tio,i with equation 
(15) auggeata that the tisee rate of change of plate 
temperature may paaa through aero aleae to l^e time of 
attainment of fully developed boiling for the Boim reactor- 
At leeat the time rate of change of plate teiqperature will 
be very amall at thla tla*- I %flll there foxMi postulate 
that for thM Borax reactor maiXSmm fuel plate t<^:5>«rat\ir« 
ocexira at the time of attainment of fully developed boiling* 
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With thl« iwstulate, ahirtlng uttentiwi back to 
aquation (l^i) we oan write for the Borax reactor 

( 16 ) <=^(Tp„ - Tsf - ht/W (Ti-Tc) e 



imere i» the naxlaaim plate t«^rcature which la 
aeewsied to be reached «l»ultiine<m»ly with fully developed 
boiling. Situatlfm (l6) together with equation (8) will 
be ueed to predict nautlarjo fuel plate teasperatiaree for 
the Borax realtor. 

Rohasnow*# eaoperiiBents ehow that cx i^oiild be 
independent of period (a) and initial degree of auboooling 
(Te - ^)j I ahall aesuew that r* la also Independent of 
these variables* 

Taking the following value* for water properties s 
(IT) a - 1*JS2 X 10**^ ft eee"^ 

( 18 ) Kx 

hr ft ^ 

and the vali*e deteirmlned for B frcaa Rosenthal*# data, 
«€w?>arieoti wltti the eirperintmtal Boras data i’er wudta’jKi 
fwel plate tesiperature shows an esoellent fit of the data 
is obtained If one uaea 



(W) 

(M 

( 20 ) 



x’ - - 0*9^^5 X 10*^ ft * - 11,55 Mils 

» 4*15 * 10 *^ - — * 2 . 4 , 9 ^ 
See ft* 



hr 



CTT 

ft* 



f 




2 % 



7h« result ef toting into •^Euatlon* 

(8) &iKt (l6) is 

( 21 ) 0*1X47 /m » — ’ 

(22) 0.715 Jm m '^j^n (T^ - Tjj) - |in (7b - T») « 5-82 

s?ite 2 :Mi th« tesqpsmtui-^ are In ®F and a Is in Bec"^. 

Thess constitute the congelation of m;clns3a 

fuel plat# tiaapcritureo In the Bern?: cscpwrlcsents. trains 
these eqimfc?,«riSa pi*«dtcticns of (fp^ ~ as a .fuTiCtlon of 
/W and (Ta -71) for the Borar rmctcr ware calctd-ftted and 
plotted in Figure 10. 

For the ease in nhtch the wtt«s:» '<«i« initially saturated 
the best fit was obtained if Tb - 7i • 6 ^ for all periods. 
1?ita was the basis for the reQuireraent tl\at Tb - 7s approach 
an asys 5 >tote of 6 ®F as 7s - 71 approached sere as explained 
in the s«fotlc« in sSvlch the criterion for boiling was 
presented. 

A nmber of Borax experiaental rsaxtarjjs plate teR|>erature 
values fror Figure 4 are replottcfd as circles in Figure 10 
to show the agreocMEnt between experlaient and prodictiim for 
the initially saturated case. 

The Boiwts: expcrlsiental swixtovsa plate frm 

Figure 5 for varicua degrees of subcoollng aiid for 15 aid 
22 alltsecond periods are replott^J a* elrolcs in Figrux*® li. 
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the &vsT9Mj?crt!Atin^ predicted |iXat« t<K«pet*fttin*«s 

for th«»e two pavlo^ ar« shomi as a»olld ISjmu in fi4^9 11 
Th« «loM «gr««3fnt ahoifs t'OM validity of the sorrelatlon 
of jmxSMim plate t«r^p«ratxzres hy eq\^tlon« (21) aad (£2). 

5* Ov#rdev«lc®ed Boll las B mee 

After the eetahllahnent ef fully developed boil Iris, • 
given ifeter elmmel my isito the overdeveloped belling 
phase in whieh tSm rate of heat trru4«fer into the bolllcig 
region ia greater than that out of this reglssn. Thva the 
rate of va^r toimtlcm in this ehansteX «rllX IrMsrease eith 
tlswo Ifoeever, this proeesa ie K»>rt »r less self llnltiiii 
ainae the boilinis agitation imorpesmtee more at^ooled 
water in the region thus redueing the rate of vapor form- 
ticsi aa explained previously fox* the underdeveloped boiling 
phase* 

It appeera fron the analysis in the preceding section 
that the Borax fuel plate tengNiraturea did net isiereaee 
sisnlfleently after the fully developed belling candltloa . 
Theiafore it appeara that the Borax realtor didn't go very 
far into the overdeveloped boiling phiee* 

tinder other cendlticmss, however, overdeveloped boiling 
may talce place to a significant extent before laaxlrrjm plate 
t<n^ratures are x'eaohed* 3uoh eould be the ease In a 
heavy water reaetor. 
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OmtirArd )hs*«ft!?«s9 in tli« 

~ -^O j ***** I -<!««- » »i«» M -» *-»»- -MUi— irr^rnM o»<» i mr -v m M <0 

1Sv» r<Md«z* Is rioir iMikHKl to shift !'ii« mttmtlon from 
tho soquonoo of physiosl orsnts ossurring within a aingla 
wator channel to a conaiWeratlon of these events occurring: 
successively In various water channels in the reactor* 

Boiling first oonmenoes within a water ehanneX near** 
eat the point of MSKiae^sa flvDC in Uw reactor, the boiling 
region in that initial ehannel will rapidly peHs^p*eas 
axially in bath direetiana front the initial point until 
warn frastion of the fuel plate area bounding thla chantial 
is in boiling. At this the boiling area will reaeh a 
waxiiaua in this ^wtnnel due to the ombined effects of s 
(l) lower flux and the acsoelated lower plate temperature 
at thia dletanee from the point of MudaRSi flux* (t) rm>M 
vapor formation in the boiling reglen increases the 
pressure and the aaturatlon temperature at all points in 
the channel* and (3) thia r^id vapor fonsation and increased 
EH^essure forces the water out both ends of t^ie channel* the 
ri^pid wovewent of idileh causes turbulent adLxing of the water 
dowri8tx>eeM thus partially destroying any tenperature 
gradient near the wall which imd been established in t^ls 
water* 

2n the mtantiae* however* further water clwmnels elr~ 
ounfertmtially surrounding the initial channel utndcrso 
initial boiling in a Banner sljsdXar to that described for 
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th« Inltiftl oh«rtn«l. Figure 6 for a pleterial 

rapresentatlon ef the outward! precreea of l»oiling In the 
realtor*) Aa furt;her initial boillne take* plaee the 
power developed hy the rMistor mriem In aecordanoe with 
the fol leering differential oquatiom 




idiejce p la the inatantaneotia power produced by the rtmetos', 
t la ti»a* 6K la ^e initial atep inoraaaa in effeettve 
Kultiplieatlon factor of the reactor, p la tlia fraction of 
fiaalMc neutroir^ tdtich are delayed, I is the preset neutron 
llfetiwe, SB is the atatlstioal weiiht at a point for 
reactor perturbations, V^r is the volume of ateaa per tmit 
fuel plate area, ^ is the reactor void coefficient and A 
ia the ftssl plate area» 

Itie tine eequence for initial boiling in various 
water channela within the reactor dependa cm the tine 
required for the fuel plate tenperature adjacent to these 
channela te raaeh 7b • If jib ia tlie aartoum flux, px* la 
the flux at point r, and t ia the tine lag betweim 
initial holling In tha chiuxiel at poaitlon r and initial 
boiling In the cttannel of BMxiRtisa flux, tha followins 
equation ap|»?oxlatately deaerlbea tlv» interval of tine 
which elapeea between initial boiling at position of 
Mtximwi flux and poaitlon r« 
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(£ 4 ) pjtidt] 

Consider for s noiisnt Uut inltXid. faxmstlan of vsi^^r 
In any wsfcsr oJMBinsl* 'The crlfcarion ds^'tlcped for tJi* 
initiation of boiling cc»nt&ln«d t^o sssiis^tion that th« 
rapezttoat energy in t^e «rnter available for vapor formation 
is a c<m«tant at the tine of initiation of belling* H^me 
the initial volune of vapor prodn^ied in the initial ms*&y 
of boilitig in msf tfater eharmel frees this censtant avail- 
able energy soui*ce is also a oonatant essentially 
indeper^ent of suboooling or period* In addition, the 
process of Initiatlen of boiling in all Kater ohanntla ia 
id«itical essentially independent cf oubcoollng or period* 

Thus it will be assuoed that the initial vcltsee of 
ste^iei foriMKl In any tester channel is a constant &2id for 
tittes idK^rtly after the inltiatloii of beilirig in the 
central channel the total volune of steiia in the reaetor 
la thia constant stean voltise per channel arultlpXled by 
the number of channels Tw.orsui.]g bviliig< 

If the fliK and water d'lannela could be considered 
to be axially syametris about the central channel and 
Initial boiling with a coiistant vapor voijoe per channel 
ia taking place inside a grot^ of watts' channels describ- 
ing a circle of radius v, viewing a transverse sestien of 
the reactor throui^ the poiit of aaxlxseeii flux, then the 
total vapor volume In the I'eastor la given by 
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(25) J^Tv 6A m Cr* 

wher« C ii a constant ter asyy givan futl plata*4fat»r 
dharinal sec»9try dimensions* 

Eqoatlcais (23)? (S^)* and (25) can ht sslTSd, 
probably oaaier on a eoop«tln(j machine » revealing the 
coionse of tlie shutdonn jemehanlas ditring the period 
shortly after the time of initiation of belling in the 
f?o*st channel. 

In deriving equation (25) it has been assumed that 
the voltmte of steam formed in any dmnnel at the initia- 
tion of boiling in tlmt ohannol does not chani»e as boiXlns 
moves outmai^ from tMe pointy %ihereas in sections ?3 and 
F5 it was asstssed that the vapor volvsae decreases durdr^ 
the undex^veloped boiling i^se and then inoreases dur- 
ing the overdevelc^mtd boiling phase* It appears from 
consideration of the Borax excursiois (Figure 3) that the 
outward progress of initial boiling In the reactor !ms 
aecci^lished the major contribution to the f^utdoit.1 
process before the attainment of fully developed boiling 
and a tolnimua of vapor volume in the central channel* 

The effect of ^is decrease in vapor volume will first be 
felt in the central channel* But the ccmtributi<«i of the 
vapor vol\me assumed to be in this central channel is 
soaXl in dosg)«rison with the vai>or volume contained In the 











M H aUJ«« £ax. t^x ii$ ^|-g 



>4 



larger maitoer ot channel* at raSlm r. ®a«r«fore the error 
ofule in net considering this decrease in vapor volieae in 
the central channel shortly liter initiation of boiling will 
be small • 

Ihus the euggestsd Bodel for the shutdown process as 
given by «<iustion» (25), (24) asid ( 25 ) approxiiaately 
describe* the reactor shutdown jttfechsnisat shortly alter the 
initiatioii of boiling in the cwitrai chantnel. For tiae 
Bc^rax reactor the outward progress of initial boiling in the 
reactor contributed much more to tii* reactor ahatdewn 
aeohanlsa Uian did the seoosidau’y growth of vapor In tlie 
central and adjace'it channels . 
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f » of Rg suits 

Hhm princlps.1 rMssults of this »tud 7 hsv« b««n th# 
prsdtctlon of t«as^orst\ir»s existing during the coyxiuctlcri 
phase ^ the criterion for InltJjitlon of boiling# and the 
correlation of expmrlaier.tal mxl^fiuca fuel plate t«E^ea?at'jtres 
for the Borax reactor# Secondary insults of this study 
have been a better, but etXll qualitative, uiideretandlng of 
th# transient boiling j^erKsseena ai>d the reactor shutdown 
mtchanlsai. 

In the conducilcin phase It sl^iould be noted that although 
the tliae xalation of taaperatmas Is not loiown witti accuracy 
the zalation between tfsaperattires In the wittov ’mA f^l plate 
tiassperattire Is Huch aore accurately known# In this regard, 
although the csnergy developed by the reactor, which Is the 
time integral of the instantaneous power, la known at the 
time of f.li*st Initiation of bolllr^ (approximately the poltifc 
of rdt!Ci»ua power for the Boracs i^eactor), the value of the 
Instantaneous power at this time 1« rot known with accuracy* 

The criterion for Initiation of boiling developed in 
this thesis has not been fiilly eonfiiewd by ea 3 >«rlmnt. 
Kowever, two facts lend ci*edulity to the criterion# First, 
numerical evaluation of the quantity B (equation 8) frcss 
water prc^rtles and the assumed bubble radius of 3 mils 
agrees reoiarkably well with an experimental evaluation of 
B from BosenUial*8 one reported experiment. And second, the 



criterion ua«d ulth In omrMiotion Mlth the 

3orrelmtl(xi of ex|»«riK«ntftX aixteua fuel plate teaopexmtures 
for the Borax reaeter. 

Zt la thouglit that the derliresi eorrelmtl<Hn May he isaed 
to quite aotturately predlot loaxissuH fuel plate teaperaturea 
•neountered in ra^ld tranaienta of Borax type reoatora* 
RoMever^ It ie probably only a fortimate accident that for 
the Borax reactor tha tii«e of MaximuM fuel plate temperature 
happened te correapond very eloeely with the attalnseent of 
fully developed boiling in the central channel* 

Another valuable result of this correlation has been 
an eiqperlBiental detemLnatlon of <x« the heat transfer 
coefficient far bollins cf water In contact with KIR fuel 
eleeianta* 

Still in the realM of apeculaticn la the result frcit 
this correlation tliat ^e quantity x* Is a constant. Since 
this quantity represents sosae unknown (at the present tiae) 
Measure of the physical precesaes of bubble initiation and 
tui4Ntrdevelcped boiling phase, the fact tirnt it la a 
constant Xaads one to believe that these procesaea are 
j^^iyaieally aimllar irrrespectlvo of pariod or degree of 
aubcoeling. 

Zhia balief la tha basis for tha suggested Model of 
the shutdown mtehanisH Wbortly after the initiation of 
boiling given In section F5j> dealing with outward progreaa 



of belling; in th« 

MwitiofiJliould be iMui« of tbs a.p?»itre«t lneon»l»iJb»cy 
hvtsmmn the &«j»en«d ino<£«X of trasmleni: bolXlng itnd the 
Bores: d&te rese^'^ing Qbe«r\*«d preesi^*e«a £n tloe Initial 
•tfutee of 'xm&srdnyel(x?94, bolXlrig It mus ^eevzaed that tlie 
]^reeeur« in & mt&r chsmel id.th t±m» In 

the later stages of this jphase It presumed that tiio 
p 2 *edsur« decx^eases wlt^ tlam« 1!he attainment of the 
oonditlon of fully develo]?ed balling ifa» marked by a 
return to eseontlaXly asfeier.t |K*«a3ur« ulthin the channel • 
Obcei»v«tian of the Bontx data absera the pressure to be 
steadily inei^easlng with time. 

A resonclliat-ion of l^bls Ineonslateney ceuld be based 
on the folloirlhg argunent. It is not isooim where the 
pressure tranadueor Was located In reactor* Mmxmdim 
that It was a derloe of moderate alee It weuld have been 
Impoeelble to plaoe It inside the reaetcr sere* Or If it 
were placed inelda the oore the water chaniwil at that 
loeatloa must have been much larg;ei> than ^oee for the 
standard SCPH fuel element* In ar^ event the recorded 
pr«s8xsr*e was pi*obably not that esistiiig at any time within 
a single etandari water channel. 

I>e 5 >«yKlir‘g on th» typ$ aiad orientation of the transdueer 
its reading would be a eomblnatlan of the static preaaure 
existing at that point and the pressure cauaiid by aowmntisa 
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in th« woTTing water oloea to the tran.»<Su<ser presaixre 
opening. If the wKaaentiwi ©ffeots predo Rinata, than the 
observed presaure 1» jaeroly a iiiaasiiro of the velocity mvS. 
soROunt of water being expelled by all of the watar chaiyiela 
mtdergoXng boiling at aajr tisie. 4Unc« the masber of eJiannela 
'andarsotr 4 g initial boilXiig i» rapidly inoreaaing with tiiaa, 
the esaoiint of aovlns water is inoroasing with tisK and 
observation «f prosst^re lnoreaair4; wi'th time Is oonaiatent 
Kith this asodex* 

It shciild be jioted lAat the presaare trace of <mly one 
excuraion was presented tn the Borax r^^rfc (Flgrupe k3. 

Kef. 1). Msntlc»i was iRsde of apparent Inconslstsnoiea In 
the pressjure obcam'ationo idflcJx wero attrilmted to j»al~ 
frjKJtloriJng; of the device. Careful ssrutiny of this one 
presjjure trace reveelc sonetlilng which coiad best be 
deaorltwKl as ii Jog in the emve at approxlniBtely the t:lne 
of isaxla&aa f^l plate temperature. 'Zhis could be attributed 
to the iitcldev',ce of the overdeveloped boiling phase In the 
oential chanriol at this time ard the ccnsoc*uent new surg® 
of expelled water. 




I 



H» SiawiRr:/ 



The Berm «iq>«ria#ntaLl and the invest isatlcme 

by Hosenthai, Whitehead end KA^wmtiCf^ provided guides to 
the developeteat ol a physloiil for the co'orse of & 

runawa^v mcureion Ixi & >ater>-aod*rat«d nuaiear reactor. 
Within the frm«iM’ox*}c si* whe.ee guides it was the aisi of 
this tliesis to iffidex’sta.nd and asnalyxe a reactor nsaairay 
excursion* Tl^e susdel developed is consistent with this 
ai«« 

The ocTiduction phase, eondtticari for i:iitiatlon of 
boiling and condition cf fully det'elo|)eci boilir»s wei*o 
amenabie to arsalytlcal Investigation end the msaerical 
reeult* of these analyses agree with the available 
experisiental evidence. 

Aiialyaie of the xeatainins stmtee of the developed 
ph 7 s:l«al ntodsl and a cor^lete solution of tlie react 
exeiirsion Rtust await a scs'e detailed and store f^4nd«fflental 
ur«ier*tand5.n3 of tieuisient bellii;g phenomena. 
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AFFSNDXX A 
TRbl« of S^bol# 



,f^a. 

h«»t Alffuslvlty of iwit#r 

fu«i plat* area (ft*) 

oonstant dafl?»a4 by aijuation (55) 

•peolflo heat of water 

lb 

eonataat defined by «K|uaticm (25) 

latent heat of raporlsation of water 

heat eewduetlvlty of water ( — 

Sac ft P 

Initial «t«p l 3 ficrea«e In effective multiplication 
factor of the reactor 

reactor voM coefflolcnt (ft*^) 

proatpt nmttrcn llfetljae (Sec) 

Irtitlal Inverse reactor ^rlod defined by 
ec|uatlon ( 2 ) (Sec’"i) 

power developed In a fuel plate per \mlt 

fuel plate area (— ^^-~) 

Sec ft* 



rate of heat ti?an«fer p«r v:nlt f\iel plate area 
E1W 



(- 



-) 



See ft® 

heat capacity of fuel plataa per unit fuel 



plate area ( 



Biy 
ft* ^7 



) 



time (Sec) 
t«i^[>erature (^) 



Tb 

V 

Vv 



X 



X 



t 



oc 



p 

r 



0 

f 



(T 



hx 

fu«l pifttd jat Isiitlfttlon of boiling (*°F) 

y#n«t*r voltBw (ft^) 

volmo In a cMWvOl p«r unit plata 

ar«a (ft) 

Alstfuica into tha f3*m mA nozml to m fual 

Plata (ft) 

(Ustsmae Into th* %mt«r at th« alopa of thit 

t«o|»er«tura profiXa w!>ich axist«»d at tha 
laatant of butbla aquala t^a slope 

of the teqperatxire profile at the outer eclgo 
of the boillns resion at the tlsw of fully 
developed tolllas (ft) 

boiling heat transfer ooefflclent defined by 

e«pation (l8) ( — 

Sec ft® V 

fr®w 2 tlc«i of fteslon netitrcne which are delayed 

viscosity of mter ( — 21U-) 

3«W ft 

statistical mi&it at a point for reactor 
pertor Nations 

flux at a point in the reactor 

caa* Sm 



density 

ft^ 



sorface tension ef waters 
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H2 



13 bollinc 
1 Initial 

X liquid 

m saxitsun 

o point of iBftxiafUR flux within tha vm^tor 

p fual plate 

r point r within the reaetcr 
a saturation 

V vapor 



Cx » 



appxkduc b 



TtmBiMit mm tmmt 6o?i^tioa 

ixitm « *mX. lnn.nitJ« ««dtm with m 
«X|3<^cntlibXX7 yliins sucrfa©# t<att;;j«3?8itur« 

ThM psroljl«« ia th* fellow' 

ixic mBnsi#2?» *25^ un®w6*<!^ iite'fc® diffssNRitJAl 

•quatlcssn is 



( 26 ) 






J_ 

^ dt 



txid if the teBipeiraturt »asl« is based i^xsn tfh# initial 
tsa^rst'jrt; tlism irdtiaXl? 

(27) Te(\o) ^0 

srid the surfsos taspersture is irerjrins with tlee 
(23) Te(o,i7) = <^U) 

then the eoltition csci t>e efetsined in following wsy-» 

Let T - F(K,t) be the solution fw t > 0 la s oase in 
idiioh T(o»t) * 0 f«E* -oo ^ t < 0 sa^ T(o.,t) •• X for o 4 t 
mu aoluti(Hi is (Kef* 6) 

(ss) 

"ife 

Ttw!^ if ^(o»t) ■» 0 for « oo 4 t < T siid T(Oj»t) *• 1 *or 
t'4 t the •olutl«n for t>T Is 

ilfo) 






f . ' \ ^ "I 

*-■ <m im^UMra 

-1^4 ^ •f.lt 




0 - ^.o/ ^i:\. 

' (vo^ .-CT 

iXji^ M I ii^«^ 

* ni 9 < # *«rw »«# I*%>r9 * T ^ 

4 o I • l^»*^ ^^9 ^ ^ <»•' X • l«i^l€ A4iAi 




5 .‘‘ ; ^ C,, • l!i^ « ',2*«4'|V Va 

li 5 I ^ w« t 

(•s-\ %)~\ - I ixVT mO 



• •» lf.*K 



Silirillarly if •• 0 toz‘ « 9^ 4 t < r 4- dr and 

f (o,t) « 2. for r 4 - d 2* ^ t tai« o^Dliifcioa for t ^ r -!► dr It 
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(31) T^A.t) = t-r-dr) 

H«mi« If t(©!»t) «• 0 for 4 t <r , tnd T(o#t) «» 1 
for r 4 t T 4* dr > »M f (ojt)‘ *» 0 for r -f d r 4t tht 

•olutlon for t r it 

(32) T^x,t)= F i>.,t-r)-F(i^t-'t-(iz) 

os* In fch# lS*it to d r -»• 0 



nom if Sntttad of t turftot tti^>eratur« of 1 for thi« 
tSam inttrvml dr tfc t •> r m have t turfto® t^»lp€frtt^sr« of 
0it), thm tht solution to Uilt p^o41(Mi n#ould bo 



Wt wmsf naif tut xtp tht rttultt for etoh tSitt int«srml 
d over tht tttaX interval t 0 to t «> t and find tht 
solution for tht tuz'ftot ttM 9 »ez«tur« of 
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77 x,<) dr 
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Vrm tqattion (29) 
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T • • 5 > : <^*0 



i-# • 'r % 

9m 

-• r ^ T I 



• •«'. •• * 4 . ^ -i » ^ ^ ^ ^ 



' "V. '^‘ - 1 .x\~\ - 

• , J ^ - . <f.y>r 1^ &=£® 

^ A *. ff, c|^ « • T ^ $ j_'j 

» -■ “s- 9 ^ reSl'hfHy: 

i^* y j A 



p « « 
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Z^ira. it-rV 

SubutittttiSiS in equaUla:^ ( 35 ) 



( 38 ) 




4o.(:t''i^J 
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3/2. 



To 3 l«t 



( 39 ) ^ ^ TrhrT) 

Substituting In «<|u»t.toa ( 33 ) 



(«0) Tf*.tj H^-^) ^ "'a* 

^jot 

Kow if fr^ffls equation ( 5 ) 

£7. 

( 5 ) rp-Tc e 

Tb«n rubsvltuting in wjuatlcn (iW) 



(^H) 



_r- ~r ^ jSl- 
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V, ^ i 
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X 
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ISi* of vhXdh em b& ewilly f«*aa mlm 

iMpltyam trMmtarm (R«f* 6) to 1i« 






Tcf'x^t) "Tt 




er/c C ^<iat 



-f-e 
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^Jo-t 




Fcj* tisnm gsroatei* than aavaral e3«5>Ovi«iitial periods 
the trskjislent torwa this •olutlcm die out the 
•eXutlesi syppjxjeoh*# «a asyB^jtotio stlutlon given hy 

(» 5 ) T,(i.i)-Tc --t: & e ^ 



idOoh is e^tton (6). 
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D«voX<?jpwtat of awaiilyti^l crfwterlcrk 
for boiling 

Th« t«[^;HBr&trur« into th« iCEttr &t th« tjb9« 

th* pX&t« Ik Tp Ik siiran by K^iwitlon (7)» 

— A 

(T) JO^,r^)~n =(Tf~V) e 

Saqp«rKling trt« «sxpdntmti&l t«m «nd IsKM^lng <mly 
first tm i«i^ get 8|^2*oxlniit«ly 

(itii) To‘)-Ti = (Tr-ri)( I- xfW) 

Ufting i^txo^ation tesaperatu:^ for a Imse ire get 

(*5> na)-n -(Tf-t,)-(v--t:) 
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CUTAWAY DRAWING OF BORAX INSTALLATION 
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Flgiire 3 

Plot of power, fuel plate temperature and 
pressxire rise during a typical nuclear runaway 
excursion of the Borax reactor. 
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Figure 4 

Borax maxlmLun plate temperature rise 
for runaway excursions of various periods, 
with reactor Initially at saturation 
temperature. 
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Schematic representation of a horlr.ontal section tlirouGh the 
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Schenatlc representation of a horir.ontal section tlirouch the 
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Figure 7 

Schematic representation of temperature profiles 
occurring In a fuel plate and. adjacent water channel 
at various times during a reactor runaway excursion. 
1 and 2 Conduction phase 

3 Initiation of boiling 

4 Fully developed boiling 

No:e that the slope of profile 3 at (a) Is the same 
as profile A at (b) . 
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Figure 7 

Schematic representation of temperature profiles 
occurring In a fuel plate and adjacent water channel 
at various times during a reactor imnaway excursion. 
1 and 2 Conduction phase 
5 Initiation of boiling 

4 Fully developed boiling 

No'ie that the slope of profile 3 at (a) Is the same 
as profile 4 at (b). 
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Behavior of water-moderated 
reactors during rapid transients. 



